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Abstract
Fracture in structures is usually to be avoided or, if intended like for airbags or peel foils, it should occur along a predefined crack
path. The integrity and usability of a part has to be ensured over the lifetime of the structure. In order to optimize a structure
at the design stage, simulations allow to analyze and to predict the structural behavior for a development of the best layout. The
contribution at hand presents appropriated material modeling strategies for polymers and introduces the so-called configurational
force approach for inelasticity and finite strains as a method to analyze the energy release rate, the crack advancement and the crack
growth direction. Certain numerical methods like cohesive elements, containing e.g. inelastic cohesive zone models and the node
splitting approach combined with an r-adaptive discretization are shown as valuable simulation features.
c© 2014 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of
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1. Introduction
Polymeric material exhibits complex constitutive features. Elastomers, for example, are characterized by large
deformations and nonlinear elasticity. Moreover, rate-dependent viscoelastic properties as well as rate-independent
behavior are found which have to be depicted by appropriate constitutive formulations. These inelastic properties
combined with micro-damage and discrete fracture cause dissipation of mechanical energy. In consequence, heat
is generated which might change the mechanical features. Thus, a coupled consideration of the thermal and the
mechanical field is required, i.e. for the bulk material as well as the contact surfaces of heterogeneous solids or
crack flanks within solids. In this case, thermomechanical interface descriptions can be used e.g. to predict the
thermomechanical behavior of a solid with a designated failure layer. One of the main diﬃculties with respect to
investigating fracturing is to realistically assess the failure sensitivity and failure behavior in structures even at the
post-critical stage. In this contribution, the configurational force approach is used to obtain the energy release rate for
inelastic material at finite strains and to predict crack propagation from an initial notch in a rubber sample.
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Fig. 1. Modeling of polymeric material: (a) rheology with strain energy functions U(J),ψe(F),ψv(Fe),ψi(Fe) and deformation gradient F = F Fvol,
Fvol = J1/31, F = J−1/3 F = Fe Fi as well as stress tensors τ; (b) cyclic simple shear tests, comparison of simulation results (EQ and NEQv) to
experimental results from Amin et al. (2006); (c) cyclic simple shear tests, comparison of simulation results (EQ and NEQp) with experimental
results from Besdo and Ihlemann (2003).
2. Material modeling
Polymers show a nonlinear ground state elasticity (equilibrium response – EQ) and more or less pronounced inelas-
tic features, as described e.g. in Grellmann et al. (2013). To represent rate-dependent viscoelastic properties of poly-
mers (viscous non-equilibrium response – NEQv), a nonlinear spring/dashpot combination with a strain-dependent
evolution law for the rate of inelastic dashpot deformations γ˙v has been implemented in the finite element frame-
work by Dal and Kaliske (2009). The rheology of the material model is depicted in Fig. 1 (a). Rate-independent
plastic behavior without a distinctive yield surface (plastic non-equilibrium response – NEQp) has been captured by
a nonlinear spring/friction element in series, where the rate of inelastic deformation γ˙p of the friction element is
governed by an endochronic evolution equation with an internal time measure, see Netzker et al. (2010). The compa-
rable, modular structure of the implementation allows to set up generalized material models describing combinations
of rate-dependent and rate-independent non-equilibrium behavior of the polymers. In Fig. 1 (b), the modeling of
rate-dependent viscoelastic properties (NEQv) has been compared to experimental data whereas in Fig. 1 (c), rate-
independent plastic behavior has been successfully simulated using the endochronic plasticity formulation (NEQp).
The hysteresis loops recorded during the cyclic tests show the dissipative nature of the inelastic eﬀects. The dissipa-
tion of mechanical energy and a consecutive heating of the compounds have been included in the simulation approach
by a fully coupled finite element formulation with a simultaneous solution scheme, see e.g. Behnke et al. (2011).
3. Fracture mechanical approaches
3.1. Configurational force approach
The configurational force approach allows to consider inelastic eﬀects at large strains (Na¨ser et al. (2007)) as well as
temperature- and inertia-induced contributions to crack propagation. In a post-processing step, configurational forces
are computed to assess fracture sensitivities and to obtain suitable criteria for crack propagation within numerical
simulations. In Fig. 2, configurational force contributions, computed at a crack tip of an elasto-plastic plate, are
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Fig. 2. Crack tip in a plate made of elasto-plastic material, see Kaliske et al. (2012): (a) material volume nodal forces stemming from inelastic
deformations; (b) material nodal forces as driving forces on the crack tip and the process zone; (c) crack driving forces as the sum of material
volume nodal forces (a) and material nodal forces (b).
a b c
Fig. 3. Linear interface element: (a) separation Δ; (b) current normals n+, n−, current tractions t+, t− and spatial heat fluxes q+, q−; (c) isopara-
metric space with local coordinates ξ and integration points I+, I−.
depicted. An inelastic process zone around the crack tip is clearly visible which induces configurational volume
forces. The configurational volume forces, shown in Fig. 2 (b), will reduce the pure crack driving force at the crack
tip plotted in Fig. 2 (c). In Netzker et al. (2013), the energy release rate and the configurational force approach are
evaluated for inelastic polymeric material and the material’s sensitivity to stable crack propagation is investigated.
3.2. Thermomechanical cohesive elements
Diﬀerent cohesive zone models and interface element formulations have been developed, see e.g. the recent ones
proposed by Bosch et al. (2007) and Bosch et al. (2008) for a large deformation description as well as an extension
to thermomechanics by ¨Ozdemir et al. (2010). In contrast to existing mechanical and thermomechanical interface
element formulations, a thermodynamically consistent finite deformation framework for modeling interfacial eﬀects
as well as discrete cracks is presented in Fleischhauer et al. (2013).
In terms of an interface between two subbodies Bi and Bk forming the body B, the boundaries ∂Bi ⊃ Ω and
∂Bk ⊃ Ω are piecewise identical along the connective interface Ω ⊂ B. The opening displacement between two points
(+) ∈ Ω and (−) ∈ Ω can be described by the opening vector Δ = x+ − x−, where x+ ∈ Bi and x− ∈ Bk. The related
points are initially connected having the same coordinates X+ ∈ Bi , X− ∈ Bk at Ω+re f and Ω
−
re f . Both points start
to separate as soon as the bonding between them is smaller than its connective forces. Furthermore, the temperature
jump [[θ]] = θ+ − θ− at the points (+) and (−) is introduced. The contribution of an interface element to the discretized
balance of linear momentum for B reads
− f Ei f c = −
∫
Ω+E
NTΩ+ t
+dΩ+ −
∫
Ω−E
NTΩ− t
−dΩ− . (1)
According to the isoparametric concept of the finite element method, e.g. linear ansatz functions NΩ+ and NΩ− for the
shape of the interface element, containing local coordinates ξ (compare Fig. 3) can be used. The interface element
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contribution to the discretized transient heat conduction equation for the temperature evolution in B, reads
hEi f c =
∫
Ω+E
NT
θΩ
+ (q+ · n+ − w+)dΩ+ +
∫
Ω−E
NT
θΩ
− (q− · n− − w−)dΩ− , (2)
where linear ansatz functions N
θΩ
+ and N
θΩ
− are used. The thermal conduction energies h+ = (q+ · n+) and h− =
(q− · n−), as well as the power terms w+ = w+ext − w+int and w− = w−ext − w−int describe the rate of energy of the surfaces
Ω+ and Ω−, since they are originated in the heat flux and the power terms of the bonds between the opening flanks.
Modeling of time-dependent cohesive fracture is addressed in Geißler and Kaliske (2010) via a cohesive element
formulation that still distinguishes between normal and tangential directions at the crack surface. In contrast to that, the
model rheology presented in Zreid et al. (2013) consists of a parallel acting spring and spring/dashpot combinations for
finite separations of the crack faces. The stiﬀness of the springs is described using an exponential traction-separation
law. The total separation vector Δ is divided into elastic Δe and viscous Δv parts. The total tractions are the sum of the
elastic and viscous tractions. The time-independent and viscous tractions read
Te =
φ
δ2
exp
(
−
‖Δ‖
δ
)
exp
(
−ϑ
θb
)
Δ and Tv = β φ
δ2
exp
(
−
‖Δ‖
δ
)
exp
(
−ϑ
θb
)
(Δ − Δv) , (3)
where β is a material parameter describing the relation between the elastic and the viscous tractions. φ is a material
parameter representing the work required for complete separation and δ is the characteristic opening length. θb is
a material parameter which determines the sensitivity of the cohesive zone stiﬀness with respect to the temperature
change. The cohesive law used here is characterized by a single work of separation, which means that the energy
dissipation is independent of the mode-mixture. This assumption is valid in case of large deformation and where
the main mechanism of interface bridging is the formation of fibrils, which is the case for polymeric materials. The
evolution law for the internal variable Δv and the heat conduction law are taken as
˙Δ
v
=
δ
η
Tv and Q · N = − (1 − d) ks [[θ]] , (4)
where η is a constant viscosity. Here, the heat conduction law is a phenomenological description assuming that the
transfer of heat occurs along the connective bonds and is caused by the diﬀerence in temperature [[θ]] between the two
interface surfaces. ks is the interface heat conductivity and d = ΔmaxΔcr is a damage parameter that quantifies the reduction
of conductivity due to separation. Δmax is the norm of the maximum separation reached during the loading history and
Δcr is the separation value at which the conduction stops completely. The described model is used to simulate the peel
process of a thin polymeric film. The experimental results, which are taken from Geißler et al. (2007), are performed
on sealed Polyethylene/Polybutene-1 (PE) films. The peeling test geometry, the finite element discretization and the
model parameters are given in Zreid et al. (2013). The results of the simulations and the comparison to experimental
data are shown in Fig. 4. The viscoelastic features of the model are applied to capture the measured peel force at
diﬀerent loading rates u˙ using the same set of material parameters.
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Fig. 4. Comparison of numerically and experimentally obtained force-separation curves for diﬀerent loading speeds.
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Fig. 5. Node duplication method: (a) data structure of objects; tetrahedral element T , face F and line L; (b) schematic description of the algorithm
used to simulate the failure of element faces.
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Fig. 6. Comparison of the numerical computation to the experimental data for the failure mechanism of an asymmetric single edge notched
specimen under tension: (a) boundary conditions and geometry; (b) final deformed mesh; (c) result of experimental study from Ozelo et al. (2012).
3.3. Arbitrary crack growth
A node duplication method has been adapted to investigate fracture phenomena in hyperelastic polymeric material.
In order to use the node duplication method with r-adaptation strategies, a specific data structure is always required to
simulate the failure of element faces. Similar to the model proposed by Miehe and Gu¨rses (2007), in this contribution
(see ¨Ozenc¸ et al. (2014) for further details), a tetrahedral element T is introduced. The schematic view of the data
structure is illustrated in Fig. 5 (a). Initially, the data structure remains unchanged unless the criteria reach a critical
value. In general, an advancement of the crack requires three steps. First, the standard connectivity information
and numerical solution of the finite elements is stored. Second, a new data structure from the last topology has to
be formed. Third, history data belonging to internal variables and displacement fields need to be mapped for the
numerical solution of the next time step in case of inelastic material features. After this procedure, an additional
regulation is necessary in order to ensure the numerical stability in nonlinear analyses. In Fig. 5 (b), the adaptive
algorithm for doubling the critical faces and the critical nodes is sketched. Here, Gc is a configurational force resultant
at node Nc which gives the fracture criterion and the crack propagation direction. After having found the crack
propagation direction, the critical face Fc needs to be determined. When this is accomplished, the crack tip nodes can
be duplicated by their mutual ones ˜Nc. After the last step, the new crack surface is aligned to the required direction by
moving the node. The described algorithm is used to simulate an asymmetric single edge notched specimen with three
holes at tension. Experimental results have been published by Ozelo et al. (2012). In Fig. 6 (a), the geometric setup of
the specimen is given as well as its boundary conditions. For the simulation, 8427 tetrahedral elements are used. One
of the main advantages of the proposed method is not just its robustness but also that the model successfully describes
the crack trajectories for quite rough meshes. Therefore, the computation cost of the process is moderate. In the
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numerical study, the material is modeled using the 8-chain model (or Arruda and Boyce model), implemented within
a linear displacement based element. In Fig 6 (b), the simulated crack trajectories are shown whereas Fig. 6 (c) depicts
the crack trajectories from the experimental study. The comparison of the simulation results to the experimental results
shows that the crack path does agree with the experimental one, i.e. the model captures also kinking cracks.
4. Conclusions
In this contribution, strategies for the representation of polymeric material and its thermo-mechanical behavior with
respect to deformation and fracture are discussed. Each subproblem (material modeling, representation of discrete
fracture and incorporation of crack driving criteria) is very complex and has to be considered in a combined simulation
concept to obtain realistic and reliable design tools. The setup of such advanced but still eﬃcient coupled simulation
concepts is still object of current research.
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